Proliferation of the surface-connected intracytoplasmic membranous network in skeletal muscle disease. by Malouf, Nadia N. & Wilson, Paul E.
Prolferation of the Surface-Connected Intracytoplasm ic
Membranous Network in Skeletal Muscle Disease
NADIA N. MALOUF, MD,
and PAUL E. WILSON, BSc
A surface-connected intracytoplasmic membranous
(SCIM) network proliferates in skeletal muscle diseases
and in myotubes grown in vitro. The authors observed
frequent occurrence of "coated" microdomains in the
form ofbudding vesicles in the proliferated components
ofthis network and suspected a potential role the prolifer-
ated membranes might have in the endocytosis ofmole-
cules into myotubes undergoing repair or regeneration.
Five-day-old myotubes in culture were incubated at 37 C
and between 2 and 4 C with two tracers, Lucifer yellow
and ferritin, both known to enter other types of cells via
a fluid-phase endocytotic pathway. The differential
penetration of Lucifer yellow at 37 C and below 2-4 C
was examined by fluorescence microscopy and by elec-
THE TRANSVERSE tubular system (T-system or t-
tubule) in the healthy adult skeletal muscle cell is defined
as a membranous network which extends periodically
from the plasmalemma into the myofiber in a regular
transverse fashion and forms anatomic "couplings" with
the sarcoplasmic reticulum (SR) membrane. This defini-
tion is somewhat "restrictive"' because it excludes a
"free" portion of this network. In this communication
we refer to the whole surface-connected intracytoplas-
mic membranous system as the SCIM network and re-
serve the term "t-tubule" for the specialized membra-
nous portion of this network which is coupled via "feet"
structures with the SR membrane.
The SCIM network proliferates extensively in many
kinds of skeletal muscle diseases of humans and
animals.24 Similarly, in myotubes allowed to differen-
tiate in vitro, the SCIM network undergoes an analo-
gous proliferation.5 While the function of the t-tubule
proper is generally agreed upon,1 the role of the rest
of the SCIM network and the reason it undergoes
proliferation in disease states remain poorly understood.
Here we attempt to find evidence which may help us
understand the reason behind the proliferation of the
SCIM network in skeletal muscle cells growing and
differentiating in vitro. First, we examined the ultrastruc-
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tron microscopy. Lucifer yellow was rendered electron-
opaque by photoreacting it with an intense light in the
presence of DAB. Ferritin penetration at 37 C and be-
tween 2 and 4 C was compared and quantitated ultras-
tructurally. The authors found that endocytosis of the
tracers into myotubes and eventually into lysosomes took
place after the tracers had diffused into the lumen of the
proliferated SCIM network. These processes were in-
hibited below 4 C. This finding, coupled with the pres-
ence of"coated" microdomains in the proliferated mem-
branes, led us to suspect that the SCIM network may have
a role in membrane turnover ofmetabolically active dis-
eased muscle cells undergoing regeneration. (AmJ Pathol
1986, 125:358-368)
tural characteristics which might provide insight into
the function of these membranes in chick myotubes in
culture. We found that the proliferated components of
the SCIM network are rich in "coated" microdomains.
Because of the active role "coated" membranes are
known to have in targeted endocytosis, intracellular pro-
tein transport, and membrane recycling in other types
of cells,5-8 we then investigated the role the proliferated
membranes associated with these "coated" microdo-
mains might have in the transport of molecules. The
entry of two tracers, Lucifer yellow and ferritin, known
to penetrate other cells via a fluid-phase endocytotic
pathway,8'9 was examined. We found that these tracers
diffuse into the lumen of the SCIM network and be-
come juxtaposed with its membranes before they even-
tually reach vacuoles and lysosomes inside the myofiber
via an endocytotic pathway.
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Materials and Methods
Cultures of Chick Myotubes
Myotubes from 11-day-old chick embryos were grown
according to Konisberg10 with minor modifications.
Chick embryos were removed from their egg with a ster-
ile glass hook prepared from a heated Pasteur pipette.
The pectoral muscle was dissected away from the over-
lying skin and placed into a 100-ml Petri dish contain-
ing 10 ml of 0.05%0o trypsin (GIBCO) solution made in
Eagle's minimal essential medium (MEM, GIBCO).
The muscle pieces were minced and incubated in tryp-
sin solution for 10-15 minutes at 37 C. The superna-
tant solution was decanted after gentle centrifugation
at 800 rpm and replaced with 7-10 ml of growth
medium, which was supplemented with serum to in-
hibit the trypsin effect (see below). The cells were dis-
sociated by repeated pipetting through a fire-polished
Pasteur pipette, and the resulting suspension was filtered
through four layers of Nitex mesh (Tetko Inc.). The cells
were preplated for 10-15 minutes in 100-mm tissue cul-
ture dishes (Falcon) to decrease the number of con-
taminating fibroblasts, which preferentially attach to
the plastic surface. The unattached cells were decanted
and counted with a hemocytometer. Dilutions of the
cell suspension were made with growth medium to a
final concentration of 1 x 105 cells per dish. They were
plated on 60-mm gelatin-coated Petri dishes. The cells
were grown in medium which consisted of 80 ml of
MEM, 15 ml of horse serum, 5 ml of chick embryo ex-
tract, glutamine, and antibiotics (GIBCO). The medium
was changed 24 hours after plating and every 48 hours
thereafter. Cell growth was interrupted on the fifth day.
Morphologic Study of Proliferated SCIM Network
The anatomy of the myotubes at 5 days of age was
examined in cells which were fixed overnight at 4 C with
2.5Wo glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2,
containing 10% sucrose. The morphology of the
surface-connected intracytoplasmic membranous net-
work was enhanced by the addition of 1% tannic acid
to the fixative. After rinsing three times with 0.1 M cac-
odylate buffer for 1 hour at room temperature, myotubes
were stained en bloc with 0.5 0/o aqueous uranyl acetate
for 2 hours, dehydrated in sequential changes of 350o,
70%, 900o, and absolute ethanol, and slowly infiltrated
in situ with Epon 812. The conical tips of Beem cap-
sules were shaved off, and the remaining cylinders were
placed over selected myotube colonies. After polymeri-
zation of the Epon, the plastic surfaces were separated
by immersing the culture dishes in liquid nitrogen, al-
ternating with water at room temperature. Thin sections
were cut on a Sorval Porter-Blum (MT2) ultramicro-
tome using a MJO diamond knife. The sections were
collected on copper grids, counterstained with 5%7o ura-
nyl acetate followed by lead citrate, and examined with
a Zeiss Model 1OA electron microscope at 60 kv acceler-
ating voltage.
Endocytosis Studies
Endocytosis studies were performed on 5-day-old my-
otubes under two temperature conditions: an endocy-
totically favorable condition of 37 C and an inhibiting
condition between 0 and 4 C (for review see Steinman
et a18). Lucifer yellow (LY, polysciences) is a small non-
toxic fluorescent molecule which does not cross cell
membranes. II It has been recently used to examine the
kinetics of fluid-phase endocytosis.9 Myotubes were in-
cubated in LY solution (2 mg/ml in growth medium)
for 10 minutes and 30 minutes (37 C and 2-3 C). After
removal of LY solution, the myotubes were washed once
with 2-5 ml of growth medium without LY at the ap-
propriate temperature for each condition and fixed with
20/o glutaraldehyde in MEM for 15-30 minutes at 4 C.
The cells were then rinsed in 0.14 M phosphate buffer
and mounted with the use of polyvinyl alcohol moun-
tant (PVA, Sigma). Fluorescence was immediately ex-
amined with a Leitz Orthoplan fluorescent microscope
equipped for incident light fluorescence microscopy. In
order to examine the path through which LY penetrates
myotubes, a black or electron-opaque osmiophilic LY
polymer visible by light and electron microscopy was
generated in situ by irradiating 5-day-old myotubes con-
taining LY with a Canrad-Hanovia 450 W immersion
lamp which was water-cooled through a quartz sleeve
(Ace Glass Inc.)"2 in the presence of 0.2 mg/ml di-
aminobenzidine hydrochloride (DAB, Sigma Chemical
Co.) in MEM, pH 7.4, for approximately 30 minutes.12
Some myotubes were exposed to DAB without incuba-
tion with LY in control conditions and photoreacted
as described above. At the end of the photoreaction the
cells were fixed overnight in 2qVo paraformaldehyde and
lo glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4,
containing 10%o sucrose. They were prepared for
electron-microscopic examination as described for the
above morphologic study without the use of tannic acid.
In order to quantitate differential tracer penetration into
myotubes during fluid-phase endocytosis at 37 C and
below 4 C, ferritin was used instead of LY. Ten percent
ferritin (Sigma) in growth medium was allowed to en-
ter myotubes for 5 minutes and 30 minutes (37 C and
2-3 C). Myotubes were prepared for electron-micro-
scopic examination as described above except that tan-
nic acid enhancement was omitted. Quantitation was
effected by counting the number of ferritin electron-
opaque dots in micrographs of equal magnification and
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SURFACE MEMBRANES IN MUSCLE DISEASE 361
dividing the number of dots by the length of visible sur-
face membranes.
Results
Morphologic Studies of SCIM Network
Proliferated Membranes
Proliferated components of the SCIM network were
examined in 5-day-old myotubes grown in culture. In-
terconnecting multivesicular structural arrays with vary-
ing complexity form the major components of the
proliferated parts of the SCIM network (Figures 1, 4,
and 5). Arrays are occasionally seen within lysosomes
or near them (Figure 5). "Coated" membrane microdo-
mains forming pits and vesicles are frequently seen as
components of the proliferated SCIM network (Figure
1). In smaller, less well differentiated myotubes (less than
4 in diameter), a simplified branching surface con-
nected system is present along with "coated" pits and
vesicles (Figure ld). The "coated" vesicles measure ap-
proximately 0.1 in diameter, which is equivalent to
the diameter of the "coated" vesicles reported to be as-
sociated with receptor-mediated endocytosis in other
types of cells.5-8 Clathrin-coated pits and vesicles are
morphologically different and should not be confused
with ribosomes associated with ER or SR membranes
(Figure 2d).
T-Tubule Proper
T-tubules are identified here as specialized membranes
of the SCIM network which form anatomic "couplings"
with junctional sarcoplasmic reticulum. "Couplings"
are observed in the large myotubes, but not in those
that are less than 3-4mm in diameter. "Couplings" are
identified by the electron-dense periodicity exhibited by
the "feet" between the membranes of the respective sys-
tem (Figure 2b and c). Electron density in the lumen
of the junctional SR cisternae (Figure 2), thought to
reflect the presence of calsequestrin in that compart-
ment,131 4 is used as the ultrastructural landmark for
the junctional SR (JSR). Occasionally, junctional SR
vesicles, in developing couplings, exhibit periodic in-
traluminal electron-dense "knobbings" synchronous
with the periodicity of the underlying "feet" (Figure 2c).
The nature of these "knobbings" is not clear. SR vesi-
cles are further identified in some "couplings" because
of their association with ribosomes (Figure 2d). SR is
considered a modified form of endoplasmic reticulum
in differentiating skeletal muscle. 15 T-tubule membrane
can form a "coupling" on either side of a junctional
SR vesicle, resulting in a reversed "triad" (Figure 3a,
d, and e). The t-tubule in adult normal muscle is gener-
ally the most central compartment of the "triad" and
is flanked on either side by a JSR vesicle in adult mus-
cle. "Coated" budding vesicles are often observed in
close proximity and continuous with the coupled t-
tubule membrane (Figure 3b-e). These are never ob-
served at the coupling site proper. Neither are "coated"




A speckled fluorescent pattern was seen in myotubes
exposed to LY at 37 C after 10 minutes and 30 minutes
(Figure 4a). Fluorescence was absent from myotubes
exposed to LY for the same length of time at 4 C (Fig-
ure 4b). Similarly, a brown-black speckled stain was seen
in myotubes exposed to LY and 37 C and photoreacted
in the presence of DAB (Figure 4c). Minimal to absent
staining was observed in companion myotubes tested
below 4 C (Figure 4d). Electron-dense deposits were ob-
served in the lumen of the proliferated components of
the SCIM network after 10 minutes exposure to LY at
37 C (Figure 4e and f) and in intracellular vacuoles and
in lysosomes when myotubes were exposed to LY for
over 20 minutes at 37 C. In control conditions where
the myotubes were photoreacted in the presence ofDAB
with omission of the preincubation of LY at 37 C,
electron-dense deposits were not present in the lumen
of the proliferated SCIM network nor in intracellular
vacuoles or lysosomes (not shown). Similarly, electron
density was not observed in any of these compartments
when myotubes were incubated in LY at 4 C and pho-
toreacted in the presence of DAB. Deposits in compo-
nents of the proliferated SCIM network or in vacuoles
were not present if fixation was undertaken before pho-
toreaction, probably because of loss of LY during fixa-
tion.1 1I2 Delay of fixation until after the photoreaction
usually resulted in relatively poor preservation of mem-
branes and excessive electron-dense background in the
mitochondria, believed to be caused by endogenous ox-
idase activities (Figure 4e).12
Figure 1-"Coated" microdomains associated with the proliferated SCIM network. Five-day-old myotubes were fixed for 2 hours in 2% glutaraldehyde
in 0.1 M cacodylate buffer, 1% tannic acid, 10% sucrose at pH 7.4. Numerous bristle "coated" membranous pits and vesicles (arrows) are associated
with proliferated components of the SCIM network which form multivesicular branching configurations varying in structural complexity. In a less differen-
tiated myotube (d), which measures approximately 4 g in diameter, simplified SCIM network is present that consists of elongated tubules. "Coated"
domains are also part of this network (arrow). (a, x 37,500; b, x 50,000; c, x 75,000; d, x 23,000)
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Figure 2 -"Coupling" formation in differentiating myotubes. Five-day-old myotubes were fixed and treated as in Figure 1. Sacroplasmic reticulum mem-
branes coupled with elongated t-tubule form "diads" or "triads" (brackets). Feet are periodically interspaced between the membranes of the SR (sr)
and t-tubule (t, best seen in b and c). Junctional SR is identified because of electron density, presumably due to calsequestrin, in its lumen. In some
JSR the electron density forms periodic knobs synchronous with the periodicity of "feet" protein (best seen in c). Ribosomes (triangles in d) still attached
to SR/ER membranes in a developing "triad" should not be confused with the "feet" at the junction. (a, x 50,000; b x 88,000; c, x 1 10,000; d, x 88,000)
h~~~~~~~~~~~~~~~~~~~~~~~~W<~~~~~~~~~~~~~~~~~~~~''
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Figure 3-The t-tubule at the "coupling" site. Five-day-old myotubes are fixed and treated as in Figure 1.The junctional t-tubule at the coupling site
is usually a straight longitudinal membranous structure. Round vesicular buddings are continuous with its lumen (arrowhead, a) but are not present
at the junctional site proper. Two tubules occasionally form a coupling with the same JSR vesicle, resulting in a reversed 'triad" (dark circles in a, d,
and e) "Coated" pits (arrows) are often continuous with the membrane of the junctional t-tubule (b-e) and are usually located a short distance away
from the junction proper. (p, plasmalemma). (a, x 22,500; b, x 22,500; c, x 34,000; d, 1 10,000)
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Ferritin
Ferritin was used to quantitate the diffusion of the
tracers into components of the SCIM network and en-
docytosis into myotubes at 37 C and below 4 C. Ferri-
tin entered myotubes through a path similar to that of
LY. At 37 C electron-dense ferritin particles diffused
and filled most components of the proliferated SCIM
network after a 5-minute incubation (Figure 5a) and
were present in vacuoles and lysosomes when the myo-
tubes were incubated with ferritin solution for longer
times (Figure Sb). A significantly smaller number of
ferritin particles (5-10 times less) were present in the
lumen of the proliferated SCIM network and in vacu-
oles and lysosomes when the myotubes were exposed
to ferritin below 4 C for 5 minutes (Figure 5c and d).
Cooling of myotubes followed by incubation below 4 C
for periods longer than 10-15 minutes resulted in
marked dilation and swelling of components of the
SCIM network. Quantitation of ferritin penetration un-
der these conditions became technically difficult.
Discussion
The proliferated SCIM network was initially de-
scribed in cultured myotubes in vitro and was proposed
to invaginate from the plasmalemma by tandem vesic-
ulation to give rise to the transverse tubular system.16
A similar proliferated network is observed in many
kinds of skeletal muscle diseases.2-4 We propose that
the absence of a nerve and the lack of its trophic con-
trol on myotubes grown in vitro is a pathologic condi-
tion and that the proliferated membranes in vitro may
not be entirely analogous to the developing T-system
in vivo. This has been previously alluded to, 16-18 in that
developing healthy myotubes in vivo do not form the
elaborate multivesicular membranous arrays observed
in diseased muscle and in myotubes in vitro.
The turnover of plasma membranes and their con-
stituents have been extensively studied in many cell types
other than muscle. It has been described as a dynamic
recycling process5-8 where interiorization of the cell
membrane and its protein constituents for either degra-
dation, remodeling, or recycling takes place via en-
docytotic pathways involving membrane vesicular car-
riers.68 A corresponding but directionally opposite flow
of membrane vesicles carrying newly synthesized or re-
cycling proteins returns to the cell membrane (for a re-
view see Steinman et a18 and Palade"9). Extrapolating
these mechanisms to myotubes in culture, we postulate
that remodeling of surface membranes in these actively
regenerating cells may be taking place to a large extent
and that proliferation of the SCIM network observed
in these cells may be related to these processes.
The results of our present study are consistent with
this suggestion. We show the proliferated components
of the SCIM network to be involved in at least two
different pathways implicated in membrane recycling
events5S8
First, we find the membranes of the SCIM network,
especially the proliferated components, to be rich in
"coated" microdomains. This suggests that targeted en-
docytosis and/or membrane recycling,5-8 two dynamic
processes, are taking place. Second, at 37 C we show
that LY and ferritin diffuse into the proliferated SCIM
network and become juxtaposed with the proliferated
membranes before they are eventually endocytosed into
myotubes. Below 4 C, diffusion of the tracers into the
SCIM network and endocytosis of the tracers into the
myotubes become inhibited. Endocytosis is known to
become arrested below 4 C.8 Our observation of the
absence of filling of the lumen of the network below
4 C suggests, in addition, that the "mouth" of the SCIM
network does not completely remain patent, at this tem-
perature, to allow diffusion of these tracers from the
extracellular space. This interpretation is not inconsis-
tent with findings by others,20 who reported anatomic
constrictions and tortuosities of the mouth of the t-
tubule lumen at the muscle fiber surface. These were
suggested to cause the electrical "access resistance" ob-
served beneath the surface of muscle fibers in physio-
logic experiments.20 The involvement of the "T-tubule"
in endocytosis has been suggested before in studies con-
ducted on dystrophic avian muscle.21 The alleged "T-
tubule" in dystrophic muscle is elaborately proliferated
and reminiscent of the proliferated SCIM network de-
scribed here in cultured myotubes.3 The t-tubule proper
was identified in our study as the specialized domain
of the SCIM network which is anatomically coupled
Figure 4-Endocytosis of LY. Five-day-old myotubes in culture are incubated at 37 C (a,c,e, and f) and at 4 C (b and d) in LY dissolved in growth
medium at a concentration of 2 mg/mi. Endocytosis was arrested at the end of 10 minutes (a-d) and 30 minutes (e and f). Myotubes were washed
in cold phosphate-buffered saline, fixed in 4% paraformaldehyde solution, and immediately examined by fluorescence microscopy (a and b). Fluorescent
fine speckles are present in myotubes incubated in LY at 37 C (a) but not at 4 C (b). (Coarse fluorescent bodies are present in the background and
not part of the myotubes.) A dark LY polymer which is also electron-dense was obtained when myotubes incubated in LY were photoreacted before
fixation with an intense blue light in the presence of diaminobenzidine. The LY polymer is seen by conventional light microscopy as dark brown speckles
in myotubes incubated in LY at 37 C (c), but not at 4 C (d). Components of the proliferated SCIM network contained electron-dense LY polymer (e and
f) when myotubes were incubated at 37 C in LY and photoreacted in the presence of DAB before fixation. A honeycomb multivesicular array rendered
partly electron-dense (f, double-headed arrow) and branching, interconnected tubular structures containing electron densities are seen when myotubes
are incubated in LY at 37 C. No tannic acid enhancement was used in this condition. The myotubes were not fixed until after the photoreaction. As
a result, the morphologic characteristics of the membranes show poor preservation. (a, x 600; b, x 600; c, x 100; d, x 100; e, x 17,500; f, x 37,500)
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Figure 5-Endocytosis of ferritin. Five-day-old myotubes were incubated in 10% ferritin solution in growth medium at 37 C (a and b) and at 4 C (c and
d). Endocytosis was arrested after washing the myotubes in cold MEM and fixing them in 2% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 contain-
ing 10% sucrose. Ferritin particles are present in multivesicular honeycomb arrays (stars) and in tubules (arrowhead) after 5-10-minute incubation in
ferritin at 37 C (a) and in large vacuoles and lysosomes (L) after 30-minute incubations at 37 C (b). A "coated" pit containing few ferritin particles is
continuous with the honeycomb array (arrow). A ferritin-filled multivesicular array (a) is contiguous with a lysosome (L). Ferritin particles are scarce in
components of the proliferated SCIM network at 4 C (c and d). None are present in the lysosomes at this temperature (c). The lumen of the SCIM network
below 4 C is generally swollen when myotubes are brought to and maintained below 4 C (d). (a, x 37,500; b, x 50,000; c, x 90,000; d, x 90,000)
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with junctional sarcoplasmic reticulum membrane. We
found that only straight segments of the SCIM network
formed such junctions with neighboring sarcoplasmic
reticulum membrane.
"Coated" microdomains forming pits and vesicular
buds were also frequently observed to be in close prox-
imity to, or continuous with, the membrane of the cou-
pled t-tubule. Here again, we propose that turnover and
recycling of t-tubule membrane constituents are active
in these regenerating myotubes. Membrane vesicles, es-
pecially "coated" vesicles, become the logical vehicles
for the transport of these constituents into and out from
the cell.7'8'19
With the advent of improved membrane fractionation
and production of monoclonal antibodies against
marker molecules integrated in these membranes, this
hypothesis can now begin to be tested in skeletal muscle
and the biogenesis of the t-system proper reevaluated. 18
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